[1] There are many 2-D models that can be used to describe the structure of the interplanetary flux rope (IFR), such as the force-free model, the nonforce-free model, and the inertial model. For each model, one or multiple field line invariants exist. In this study, we introduce a new definition of the quantity, residue, based on all field line invariants of a specified flux rope model to measure the deflection between the assumed axis and the true flux rope axis. Then, a new minimum residue (MR) method is proposed to infer the axial orientation of IFR with the observational data from a single spacecraft. For an arbitrarily assumed flux rope axis, the natural coordinate system can be constructed, then a magnetic flux function, A, and each invariant of the specified flux rope model can also be concurrently calculated under this coordinate system. The direction corresponding to the minimum residue is expected to be the real axial orientation. In previous study, the residue was first defined with A and a single invariant P t of a static equilibrium flux rope model. Here, the new MR method is tested with simulated magnetic cloud data sets constructed from the analytical model outputs of two different flux rope models with ''trend noise'' added. It shows that the new MR method is applicable in real case analysis and the inferring results are acceptable for cases with small closest approach distance and proper noise level. Compared with results from traditional methods, accuracy of the inferred axial orientation is improved by the new method. The new MR method is also applied to a typical in situ event observed by Wind spacecraft. The comparison of the inferring results from different models indicate that application of a more accurate flux rope model is useful for inferring techniques.
Introduction
[2] Flux rope is a kind of prevalent space plasma structure, existing in solar corona, heliosphere, planetary ionosphere, and the Earth's magnetosphere [Russell et al., 1990] . Interplanetary flux ropes (IFRs) linking the Sun and the Earth's magnetosphere are the large-scale flux rope structures in the solar wind. In observations, a well-defined IFR structure shows a smooth rotation of the magnetic field over a typical period of days. Geometry of IFR is believed to be a loop-like flux rope with plasma confined [see, e.g., Burlaga et al., 1990; Lepping et al., 1990 Lepping et al., , 1997 . The IFR structure is reported as an important subset of the interplanetary manifestation of the magnetized plasma ejected from the solar surface [Bothmer and Schwenn, 1994; Burlaga et al., 1998; Ruzmaikin et al., 2003] . It also serves as a source of strong southward interplanetary magnetic field, which is known as the condition favorable for plasma entry into the magnetosphere via magnetic reconnection. Frequently interplanetary shocks are driven ahead of IFR, which would further affect geomagnetic activity when impacting on the Earth's magnetosphere. Therefore, the formation, convection, and configuration of IFR structures at 1 AU have been studied extensively as an essential element in the solarterrestrial connection [Lepping et al., 1997 [Lepping et al., , 2006 . For twodimensional IFRs, the determination of the axial orientation is a key issue in the study of their geometry, structure, and the possible formation process [Xiao et al., 2004] . As an inversion problem, almost all axial orientation inferring techniques are developed through a residue minimizing procedure, e.g., the statistic-based method (MVA), the fitting based method (FRF), and the invariants-based method (GS), which are described below.
[3] Among those techniques, the minimum variance analysis (MVA) may be the most widely used approach. For the single spacecraft observations, the MVA technique is applied with the magnetic field data (MVAB) [Sonnerup and Cahill, 1968; Sonnerup et al., 1987; Sibeck et al., 1984; Elphic et al., 1980; Elphic and Russell, 1983; Zong et al., 1997] , which has the residue defined as s 2 = 1 N P N i¼1 (B i Á n À hBi Á n) 2 , and the minimizing procedure is reduced to an eigenvalue problem of a covariance matrix of magnetic field B [Sonnerup and Scheible, 1998 ]. For the multispacecraft observations, the traditional minimum variance analysis (MVA) can also be applied to the newly constructed variables, i.e., the current density J. More accurate inferring results are believed to be obtained through this current MVA technique (CMVA for abbreviation) Xiao et al., 2004] . The traditional MVA method has also been generalized to deal with the classical conservational laws [Sonnerup et al., 2006a] with the help of multispacecraft observations.
[4] Another approach is the flux rope fitting (FRF) method in which the free parameters of an analytical flux rope model, including the flux rope orientation, are fitted directly with the spacecraft observations Lepping et al., 1990; Bothmer and Schwenn, 1998; Dasso et al., 2005a Dasso et al., , 2005b Hidalgo et al., 2002; Hidalgo, 2003; Cid et al., 2002; Nieves-Chinchilla et al., 2005; Wang et al., 2002 Wang et al., , 2003 . The MVA approach is usually used to get the initial guesses of the axial orientation for FRF. In these fitting based techniques, the residue is defined as the deviation between the data and the model: ], and usually, a linear or nonlinear least square solver is used to minimize it . The flux rope orientation and other model parameters can be determined through this minimizing procedure. More accurate flux rope model is needed to improve the fitting results. However, it is difficult to get the analytical solution for a slightly complex flux rope model, and thus approximate solutions are usually selected in FRF applications [Moldwin and Hughes, 1990; Mulligan and Russell, 2001] .
[5] The third effective approach is the Grad-Shafranov (GS) technique, which is initially designed for the study of the terrestrial magnetopause current layer flux rope (FTE) [Hau and Sonnerup, 1999] . The GS technique can also be applied to the IFR structure reconstruction Sonnerup, 2001, 2002] . Determination of the flux rope orientation is a byproduct of this integrated approach [Hu and Sonnerup, 2002; Riley et al., 2004; Liu et al., 2006] . In the GS technique, the residue is defined with a flux function and the corresponding invariants [Hu and Sonnerup, 2002] . Both the flux function and the invariants can be calculated with single-spacecraft observations. A trial and error scheme is applied to search the minimum residue that represents an optimal and approximate conservation of those invariants along the field lines. No analytical solution is needed in this approach.
[6] Since the underlying global structure of the interplanetary corona mass ejection cannot be determined directly from the spacecraft observations, it is difficult to assess the accuracy of the above techniques in inferring the flux rope axial orientation. Riley et al. [2004] compared these techniques with a global MHD simulation result. Xiao et al. [2004] made a numeric test on the model dependence of the MVAB technique, and found that the MVAB method depends critically on the spacecraft path relative to the flux rope axis and the structure of the flux rope encountered.
[7] As an important prerequisite for the reconstruction of the flux rope structure, finding the invariant axis poses a serious problem particularly when data from only one single spacecraft are available. For multispacecraft applications, these problems are manageable. On the basis of multiple spacecraft observations, Pu et al. [2005] proposed the current minimum variance analysis (CMVA) method to estimate the flux rope orientation. Xiao et al. [2004] have proved that the CMVA method may help eliminate the uncertainties of single spacecraft based MVAB method. Shi et al. [2005] , Zhou et al. [2006] , and Sonnerup et al. [2006a] have also proposed new methods with the same idea as Pu et al. [2005] . The GS technique can also be applied to the multiple spacecraft observations [Hasegawa et al., 2004 [Hasegawa et al., , 2005 [Hasegawa et al., , 2006 , and it is believed that the multispacecraft based GS technique may be the most reliable determination of the invariant axis of flux rope [Sonnerup et al., 2006b ]. The multiple spacecraft based orientation inferring technique has been applied to Cluster observations, mainly in the magnetosphere [Hasegawa et al., 2004 [Hasegawa et al., , 2005 [Hasegawa et al., , 2006 . For the interplanetary flux rope events, single spacecraft based methods are still the popular orientation inferring tools.
[8] The goals of this paper are (1) to present a new scheme of the single spacecraft based interplanetary flux rope orientation inferring tool, (2) to give a thorough benchmark test of the reliability of this new method, (3) to test the GS-based minimum residue (MR) method with a single-spacecraft observations of one magnetic cloud (MC) event, and (4) to examine the accuracy of axial orientation inferring results from the new MR method and the traditional MVAB method. In section 2 we present the minimum residue (MR) flux rope orientation inferring scheme. In section 3 we perform a benchmark test with the new MR technique by using the data from two different flux rope models: the force-free model and the nonforce-free model, and then this new MR method is applied to a MC event observed by the Wind spacecraft on 3 -4 October 2000, in order to confirm the effectiveness of the new MR method.
New Minimum Residue Method

Principles of GS Orientation Inferring Method
[9] The GS method to determine the axial orientation (z) of IFRs by single-spacecraft data consists of an optimization procedure based on two-dimensional magnetohydrostatic theory [Hu and Sonnerup, 2002] . Under two reasonable approximations: @/@t ¼ : 0 and @/@z ¼ : 0, an IFR is believed to have a quasi-two-dimensional, time-independent magnetic field structure. In the work of Hu and Sonnerup [2002] , the inertia effects have also been neglected in the flux rope model, then the MHD force balance equation for an isotropic plasma is reduced to rp =j ÂB, which represents the balance between magnetic field tension and force from the gradient of the total (magnetic plus plasma) pressure. In the Cartesian coordinate system (x, y, z), the above force balance equation is described by the plane
). The transverse pressure P t = p + B z 2 /2m 0 is a single variable function of the magnetic flux function, A, and P t is called the field line invariant in the paper of Sonnerup [2001, 2002] . A one-to-one mapping exists between the field line invariant and the flux function that can be tested with the spacecraft observations. Along the spacecraft path along x axis, both P t and A can be calculated with the observations in a proper coordinate system. An optimal solution is found when the plot of the calculated field line invariant P t (x) versus potential field A(x) displays minimal scatter.
[10] With the assumed flux rope axis z and the deHoffmann-Teller [deHoffmann and Teller, 1950] velocity (ṽ HT ) determined through the HT analysis [Khrabrov and Sonnerup, 1998 ] to the spacecraft data, a temporary natural coordinate system is constructed (see also Hu and Sonnerup [2002] where the base vectorẽ z is along the assumed axial orientation of IFR,ẽ x is along the projected direction of Àṽ HT onto the plane perpendicular to the flux rope axis, andẽ y completes the triad. The magnetic flux function A(t) along the projected spacecraft path can be calculated under this coordinates system:
whereB(t) is the magnetic observations along the trajectory, and t is the observing time. Invariant P t can also be calculated with the spacecraft data under this temporary coordinates system. Both the calculated P t and A have been applied to the residue definition [see also Hu and Sonnerup, 2002] :
The boundary epoch is represented by t b and t c corresponding to the outer boundary and the center of the flux rope, respectively. The center is located at the extreme point of A(t) profile, where dA/dt = 0. P t 1st (t) and P t 2nd (t) are the calculated profiles of the invariant in the two symmetrical regions, respectively. The residue Res is used to reflect the scattering state of P t (t) versus A(t) plot, which is also an indicator of the deflection between the assumed axis z and the true flux rope axis. An optimizing procedure to find the minimum residual orientation has been proposed by Hu and Sonnerup [2001] and has been improved in the later work of Hu and Sonnerup [2002] . Under the basic assumption that the double-branch behavior arises for the field line invariants versus the flux function inside a single flux rope structure, the minimum residue is assured to be reached when the assumed axis is aligned with the real one, and the two branches overlap on top of each other [Hu and Sonnerup, 2002] .
Residue Defined by Multiple Field Line Invariants
[11] In the inertial flux rope model, where the inertia effects are taken into account in a 2-D time-independent magnetic field structure,j ÂB À rp = r(ṽ Á r)ṽ, it is hard to derive the general field line invariants, whereas field line invariants in two special cases have been found by Sonnerup et al. [2006b] . One is the case that the plasma flow is parallel to magnetic field (ṽ = vB/B). There exist four field line invariants, . These additional multiple invariants should be useful for the axial orientation inferring. Physically, more accurate inferring results should be obtained with application of invariants of a more general flux rope model to the axial orientation inferring procedure.
[12] The first residue definition in the form of equation (4), given by Hu and Sonnerup [2002] , has been used to measure the deflection of IFR axis. In equation (4), the possible effects at extreme positions of flux function, A(t), are not included. In order to include this effect, a new residue definition is introduced as follows:
where F 1st (t), and F 2nd (t) are profiles of the calculated field line invariant in the two symmetrical regions, t b and t c are the same as defined in section 2.1. When the assumed axis z is aligned with the real flux rope axis, [max(A) À min(A)]/ jA(t b ) À A(t c )j reaches the minimum value. However, when the assumed axis z is deflected from the real flux rope axis, [max(A) À min(A)]/jA(t b ) À A(t c )j may increase with the deviation angle of z. It acts as an extra weight to the original definition in equation (4), which can help increase the gradient of residue near the real flux rope axial position on the residual map.
[13] For the flux rope model with multiple field line invariants, the new residue definition can be extended into the following form:
where N is the number of invariants, and F i 1st (t), F i 2nd (t) are the i th invariant of a specified flux rope model in the two symmetrical regions, respectively.
[14] In principle, minimizing the residue defined in the form of equation (6) may help reduce the deviation of the inferred flux rope axis, by requiring that the double-branch but single-value property of each invariant of the flux rope model versus the flux function along the spacecraft path be satisfied simultaneously.
[15] A residue map is a direct visualization of the results of the searching for the optimal orientation of the flux rope axis (for details, see Hu and Sonnerup [2002] ). In the current version of our MR algorithm the resolution of the searching grid is set to 5°Â 10°. Orientation of vectorz is represented by the polar angle (q) and the azimuthal angle (f). So the grid point can be labeled with q, which varies from 0°to 90°every 5°and f, which varies from 0°to 360°e very 10°.
[16] With the help of the residue map, a systematic approach to inferring the axial orientation of IFR observed by single spacecraft is introduced here, which is called the new MR algorithm. The procedure of this algorithm runs as follows:
[17] 1. Determine IFR boundary with the spacecraft data and get rid of the observational noise from the spacecraft data with a polynomial fitting procedure.
[18] 2. Carry out the deHoffmann-Teller (HT) analysis for the filtered spacecraft data and get the HT velocity (ṽ HT ) of the comoving reference frame for the encountered IFR structure.
[19] 3. Select a proper flux rope model for the encountered IFR structure and determine the field line invariants existing in this model.
[20] 4. Construct the residue map with the residue defined by all invariants of the specified flux rope model.
[21] 5. Determine the minimum residue position (q m , f m ) from the residue map and the direction of (q m , f m ) is finally taken as the optimal axial orientation of IFR.
Testing of the New MR Method
Testing With the Benchmark Cases
[22] Data sets obtained from analytical solutions of two different flux rope models, i.e., the force-free and the nonforce-free flux rope model, are used as the benchmark cases in testing the MR method. In order to show the potential capability of this new method in real case analysis, we add ''trend noise'' to these analytic data sets to simulate the real MC measurements.
[23] Lepping et al. [2003] have presented a trend noise simulating method to study the estimated errors in MC model fit parameters with force-free cylindrically symmetric assumptions. The trend noise is believed to be more realistic than the ''random noise'' in simulating realistic clouds. According to Lepping et al. [2003] , the actual Wind MC event of good quality fits (Q = 1 or 2) can be considered in trend noise simulating. It is assumed that the realistic noise fields will depend on difference fields DB, defined as DB = B OBS À B M , where B M is an estimated field from the forcefree model.
[24] We choose the realistic MC data observed by Wind spacecraft on 20 March 2003 to construct the simulated clouds with trend noise. The MC event has high fitting quality (Q = 1) and shows intact rotated magnetic field structure. Following Lepping et al. [2003] , we choose the exact simulated field B ES from the sampled model outputs with different parameter, i.e., the closest approach CA = 0.0, 0.3, and 0.6, where 0.0 means the spacecraft passed exactly through the cloud axis. The noise B N is constructed with the difference fields for the selected cloud event with different noise level, i.e., the RMS of each noise set is forced to be 1, 2, 3 and 4 nT. The trend noise simulating method introduced by Lepping et al. [2003] is designed for the force-freemodel. These noise sets are referred to be low, medium, high, and very high cases, respectively.
[25] Because this noise simulating method can only be used to develop the trend noise in magnetic field, for the nonforce-free model outputs, we simulate the noise for the magnetic fields outputs only, and produce no noise for the thermal pressure in this testing. In testing with the nonforce-free model outputs (see section 3.1.2), the closest approach parameter CA and the noise levels of magnetic field are the same as those in the force-free model.
[26] The net simulated fields (B s ) are obtained by adding the exact simulated field and the noise field: B s = B ES + B N . There are totally 12 (3 Â 4) simulated MC data sets produced through this procedure. Testing results are presented in sections 3.1.1 and 3.1.2, respectively. 3.1.1. Cases of Force-Free Flux Rope Model
[27] Goldstein [1983] proposed that the IFR could be explained by constant a force-free configuration. Such a solution for cylindrical geometry (R, q, Z) is, B R = B 0 , B q = HB 0 J 1 (aR), and B z = B 0 J 0 (aR), where J 0 (aR), J 1 (aR) are the zeroth-order, first-order Bessel function, respectively [Lundquist, 1950] . This solution of the force free flux rope model has been used by Lepping et al. [1990] 
, a = 1, B 0 = 1, t is the time parameter, and the boundaries of flux rope have been chosen as R 0 = 2.4, and t 2 (0, 2) to insure that the acquired magnetic field series are within the flux rope boundary.
[28] The simulated cloud data sets are constructed from this model output sampled along the path (d 0 = 0.3R 0 ) across the force-free flux rope with the trend noise of the high noise level. The inferred results are shown by the constructed residual maps in Figure 1 . As illustrated in Figure 1 , there are two residue maps created with residue defined by equations (4) (Figure 1, left) and (5) (Figure 1, right) , respectively. The main difference between the two residue maps is that with the variation of the assumed flux rope axis, residue defined by equation (4) varies more gradually than that defined by equation (5). In the residue map constructed with the new residue defined by equation (5), the calculated residue is more sensitive to the deflection of flux rope axis, and the minimum residue position is located obviously in the center of the contour line of minimum contour level. It is proved that our new residue definition is able to make up for the deficiency in previous residue definition to certain extent in this case.
[29] The real axial orientation of this flux rope is along z(q, f) =z (0°, 0°), which is represented by the circle mark that is located at the center of the residual map. The minimum residual position inferred by our new MR method is represented by the blue pentagram located at (5°, 10°) on the residual map, which is slightly different from the real flux rope axial position. This slight deflection can be ascribed to the addition of trend noise in the simulated cloud data sets. The inferred flux rope orientation is also compared with results from the traditional MVAB/MVAUB method. The plus mark is the MVAB result and the cross mark the MVAUB (i.e., MVA of the normalized magnetic field series) result. We find that (1) these two results are also deflected from the real axial position and the deflection of MVAB result is larger than that of the MVAUB and (2) deflections of both are larger than that of our new MR method. Xiao et al. [2004] have also reported that errors in orientation inferring results by the traditional MVAB method to the force free flux rope model increase proportionally to the impact parameter. In this case, the impact parameter is d 0 = 0.3R 0 .
[30] In order to show the advantage and the potential capability of the new MR method applied in real case analysis, we test the method with all 12 simulated cloud data sets. Only one field line invariant, i.e., B z , is available in definition of the residue for the force-free model outputs, and in these testings, we use the residue defined by equations (4) and (5), respectively. Detailed testing results are listed in Table 1 . The deflection angle between the real axis and the inferred axial direction from the MR method with residue defined by equation (5) is 5°. For simulated data sets with CA = 0.6, and noise level of high and/or very high, the deflection angle reaches 10°. Inferring results with these simulated data sets have shown that (1) the errors in MR results increase with the noise level and the parameter CA, and the maximum error is not greater than 10°and (2) results from traditional methods show the same characteristics and have maximum errors of 10.3°for MVAUB and 23.5°for MVAB.
Cases of Nonforce-Free Flux Rope Model
[31] This is a more accurate flux rope model when the plasma pressure is taken into account in the static plasma equilibrium,j ÂB = Àrp. The corresponding elliptical equation is the plane GS equation, r (4), and (right) with residue defined in equations (4). The true flux rope axial position and the inferred minimum residue position by MR method, by MVAB method, by MVAUB method, and the geometric center of the contour line that has the minimum value, are plotted on these residue maps. Corresponding marks are listed in the legend table. The direction 0°longitude is along theẽ x direction, the 90°longitude is the direction along the axis e y and the axisẽ z is at the center pointing out of the paper. Tiny dots on the background are points of the searching grid for the intermediate temporary flux rope axis. Hau and Sonnerup, 1999] :
where the parameter a is a geometry factor controlling the aspect ratio (width to length) of the islands.
[32] The plasma pressure p and the axial magnetic field component B z in this flux rope model can be arbitrarily chosen under the restriction, e À2A = Àm 0 d dA (p + B z 2 /2m 0 ), which can be written in an equivalent form: p + B z 2 /2m 0 = e À2A /2m 0 . Since B z 2 > 0 and e À2A > 0, the following inequalities must be satisfied:
Because p and B z are field line invariants of this flux rope model, the selection of p and B z should not change the single-value property between the invariants and A. Therefore, we select p and B z as follows:
Figure 2. Residue maps created with the residue defined by the field line invariant B z (left top), p (left bottom), P t (right top), respectively, and with a multi-invariants residue (right bottom).
where f(A) is a constant of 0.98. It is different from the selection of Hu and Sonnerup [2002] . Both p = p(A) and B z = B z (A) are single-value functions of A in our selection here.
[33] The cloud data sets are simulated by this model outputs and the additional trend noise. Detailed results for CA = 0.3R 0 are illustrated in Figure 2 , where four residue maps are constructed with three single invariant residues and a multiple invariants residue, respectively.
[34] The real axial orientation is always located at the center of the residual maps. All the four inferred minimum residual positions are deflected from this real one. The result of MR method with residue defined by invariant p gives the location at (50°, 180°), which is far from the real position. The residue varies gradually within a long narrow region on this residue map. The results of MR method with the other three residues are located at (5°, 300°), (5°, 350°), and (5°, 190°), respectively. The simulated cloud data sets are also used in test of the traditional MVAB/MVAUB methods and the inferred results are also plotted on the residual maps. As shown in Figure 2 , the results from the MVAB/MVAUB methods contrast greatly with that from our new MR method on the residual map constructed with residue defined by all three invariants. They are located at (39.7°, 27.2°) for MVAB result and (51.3°, 20.0°) for MVAUB result. Both of them deflect far from the real axial position, and the deflections are larger than that of our new MR method. Errors in MVAB/MVAUB results of the nonforcefree flux rope model are more sensitive to the impact parameter [Xiao et al., 2004; Hu and Sonnerup, 2002] . For this case, with the impact parameter CA = 0.3R 0 , it almost failed as the orientation inferring tool because of large deflections.
[35] We also test the new MR method with all 12 simulated cloud data sets constructed from the nonforcefree model outputs with different impact parameter, and the trend noise of different noise level. The residues defined by equations (4) and (6) are used by the new MR method, respectively, and corresponding testing results are listed in Table 2 . For the simulated data sets with CA = 0.0, and noise levels of medium and/or low, the new MR method can get the right axis, but for data sets with CA = 0.6 and noise levels of high and/or very high, the maximum deflection angle reaches 80°.
[36] In some of these cases, the traditional MVAB method nearly failed as an axis inferring tool because of the large deflection angle in the inferred axis. Results of the MVAUB method is acceptable only for data sets with CA = 0.0, and the deflection angle increases quickly as the noise level or the CA parameter increases. Comparing with results from traditional methods, the new MR method shows certain merit.
Testing With the Real Case
[37] In this section we apply the MR orientation inferring technique to determine the axial orientation of a MC structure observed by Wind on 3 -4 October 2002. The MC data contains a typical IFR structure, which is characterized by strong magnetic field, smooth rotation in the field direction, low plasma temperature and low plasma beta. The magnetic field and plasma data are plotted in Figure 3 , where the MC structure is located between two vertical lines labeled by ''start'' and ''end,'' respectively. It is bounded by a preceding magnetic hole (labeled by start) and a trailing shock (labeled by end). In front of the MC structure, there is a compressed sheath region behind a strong shock driven by this fast stream.
Testing With the Static Equilibrium Model
[38] In this case, three field line invariants (i.e., B z , p, and P t ) of this flux rope model are used in orientation inferring. A sixth-order polynomial fitting scheme is used to smooth the original observations beforehand. Wind observations and the filtered results are shown simultaneously in Figure 4 for comparison. It is clear that the shocks, discontinuities, and other high-frequency oscillations are filtered out, and the characteristic large-scale structure of IFR is kept in the filtered data. According to the results from trend noise testing, it is expected that the filtering scheme is useful in application of the new MR method to real case analysis.
[39] Four residue maps constructed with three singleinvariant residue (B z , p, and P t , respectively), and a multiinvariants residue is plotted in Figure 5 . The detailed orientation inferring results are listed in Table 3 . The first three minimum residue positions are apart far from the Lepping axis (inferred by the fitting approach) and the fourth minimum residue position is the closest one to it, which indicates that application of multi-invariants residue in MR method has significant effect on the inferred results. Corresponding results from the method with residue defined by equation (4) are also listed in Table 3 .
Testing With the Inertial Equilibrium Model
[40] Remaining flows in the HT frame of the MC event observed on 3-4 October 2000 are antiparallel with the magnetic field. Scatterplot of theẼ c components andẼ HT components are shown in Figure 7 , whereẼ c = Àṽ SW ÂB is the convective electric field in the solar wind andẼ HT = Àṽ HT ÂB. The correlation coefficient between these two is cc HT = 1.000, which indicates that the correlation between these two fields are strong, and the residue convective electric fieldẼ 0 = Àṽ 0 ÂB in the HT frame is nearly zero, whereṽ 0 =ṽ SW Àṽ HT .
[41] As shown in Figure 6 (left), angles betweenṽ SW and B inside the MC structure are around 135°(green line in New MR method with residue defined by equation (6).
b New MR method with residue defined by equation (4) with P t = p + B z 2 / 2m 0 . Figure 6 (top left) ), but the angles betweenṽ 0 andB are nearly 180°(blue line in Figure 6 (top left) ). This indicates that the remaining flow in the HT frame of the MC structure is antiparallel with magnetic field. In order to show the large-scale character of the antiparallel remaining flow, the directional cosine angles of vectors Àṽ 0 (blue line), and the magnetic fieldB (green line) are plotted in Figure 6 (left) for comparison. Variations of the three directional cosine angles of Àṽ 0 nearly coincide with those ofB, indicating that the remaining flow in HT frame is a large-scale coherent flow that is almost antiparallel with the rotating magnetic field of this MC event.
[42] What causes the antiparallel remaining flow? Usually, it is interpreted as the disturbance of the Alfvén wave in a frozen-in plasma. Under the frozen-in condition, plasma will be dragged by the oscillating field line, and the velocity of the remaining plasma flowṽ 0 will be proportional to the Alfvén velocityṽ A =B/ ffiffiffiffiffiffiffi ffi m 0 r p . In a component by component scatterplot of these two velocities (namely, Walén plot), the constant proportionality is often in a range of ±(0.8 -1.0) Figure 3 . Wind observations on 3-4 October 2000. The magnetic cloud structure encountered by Wind spacecraft starts at 17.1h on Oct. 3 and ends at 14.1h on Oct.4. The magnetic field strength (B), the poloidal and azimuthal angle of magnetic field vector (q, f), the ion speed (V i ), density (N i ), and temperature (T i ), the thermal pressure (P th = Nk(T i + T e )), the magnetic pressure (P B = B 2 /2m 0 ), and the plasma beta (b = P th /P B ) are plotted.
[ Khrabrov and Sonnerup, 1998] . As shown by the Walén plot in Figure 7 , the correlation coefficient cc HT = À0.811, but the slope of the fitted line is À0.261, which is beyond the expected slope range ±(0.8-1.0). This conflict indicates that there should be some other physical mechanism except for the Alfvén disturbance causing the antiparallel remaining flow.
[43] Although the mechanism of the coherent large-scale field aligned flow in flux rope is still uncertain, a more accurate flux rope model including the inertial effect from the field aligned flow can be described in a modified GS equation [Sonnerup et al., 2006b] . Four observable invariants exist in this flux rope model, which can be adopted in the new MR method to get more rational inferring results of the flux rope axial orientation. The four field line invariants calculated with the filtered Wind observations inside the MC structure in GSE coordinate system are plotted in Figure 6 (right). A residue defined with all the four invariants can be used to construct the residue map for searching the optimal axial orientation of IFR.
[44] Five minimum residue positions are listed in Table 4 . The first four results are determined from the residue maps constructed with single-invariant residue of the four invariants separately, but the fifth one is from residue map constructed with the multi-invariants residue defined by equation (6) with all the four invariants of the inertial flux rope model.
[45] We believe that the fifth axial result is physically more credible, because it is based on application of a more accurate flux rope model in the new MR method, which is to be verified with the ACE data of the same MC event. MVAUB method are plotted on the residue maps. Although the distribution of residual contours on the two maps are slightly different, the minimum residual positions are located at the same grid point, i.e., (55°, 60°). Verification with the ACE data for the same MC event indicates, to some extent, that the inferring result for the application of the inertial flux rope model in the new MR method is more rational than that for application of static equilibrium model. Nonetheless, the inferred minimum residue positions with the two different flux rope models show no much difference. One is (55°, 60°) for the inertial equilibrium model, and the other (60°, 50°) for the static equilibrium model.
Summary and Discussion
[46] In this study, we propose a new minimum residue (MR) method to determine the axial orientation of IFR. Hu With residue defined by equation (5) for mr(B z ), mr(P t ), and mr(p) and equation (6) spacecraft path relative to the flux rope axis. For small impact parameter the intermediate variance direction of MVAB/MVAUB best fits the axial orientation, while for larger impact parameters the deflection of MVAB/MVAUB result increase dramatically [see also Xiao et al., 2004] . In our benchmark testing with the simulated cloud data sets constructed from the model outputs and the additional trend noise, the new MR method is applicable in real case analysis and the inferring results are acceptable for cases with small closest approach distance, and proper noise levels. On the basis of the static equilibrium flux rope model and the more reasonable inertial flux rope model, our new MR method has also been tested with a real IFR observations by Wind. A polynomial fitting scheme is used to get rid of the noises from the original observations and to keep the large-scale IFR information in the filtered data. Our testing results show that (1) axial orientation inferring results are more credible for a more reasonable flux rope model and (2) noise filtering is useful to keep the basic assumption of our new MR method in place. In practice, some factors could result in errors in the inferring results. Here, we list the possible error sources in searching for the direction corresponding to the minimum residue with our new MR method:
[48] 1. One important error source is the observational noise. To get rid of it, a proper noise filtering scheme should be selected in our new MR method.
[49] 2. Another error source is the accuracy of adopted flux rope model. The residues defined in different flux rope model are much different. Therefore, it is useful to select a reasonable flux rope model, which is more consistent with the observations. For example, field line invariants can also be derived from more accurate flux rope model including the plasma pressure anisotropic or the nongyrotropic plasma. Application of these flux rope models in the new MR method should be able to improve the accuracy of the inferring results, but it needs to be tested in practice.
[50] 3. The third error source is the resolution of the searching grid. To reduce the error, one effective way might be to improve the resolution of the searching grid. The limitation of our current new MR method is that the trial and error scheme used in searching for the minimum residue position is a scheme of O(n 2 ) complexity, whereas a smarter scheme of O(n) complexity, such as the conjugate gradient method or the steepest descent method, may deserve further consideration.
[51] 4. The fourth error source is the deflection in the choice of the IFR boundary, as discussed earlier. The determination of IFR boundary from the spacecraft data is a complex task [Wei et al., 2003a [Wei et al., , 2003b [Wei et al., , 2006 . Until now it is quite subjective. How to develop an objective scheme for the choice of the IFR boundary for our MR method is our next consideration.
[52] It is hard to quantify the improvement of our new MR method because the real axial orientation of an IFR is not known. We have found a physically credible path to With residue defined by equation (5) for mr(G), mr(C z ), mr(H), and mr(S) and equation (6) improve the orientation inferring result, which should be tested with more real cases in the near future.
